As viewed in white light, a sunspot consists of the dark, central umbra surrounded by the brighter, radially striated penumbra. The structure of the penumbra is generally more complicated that that of the umbra, and our understanding of penumbral structure has developed slowly as observations have provided us with increasing spatial resolution.
The relative darkness of sunspots is attributed to the inhibiting effect of the spot's magnetic field on the convective transport of heat. The inhibition of convection is quite strong in the umbra, which transmits only about 20% of the average solar heat flux. In the penumbra, however, the convection is far more efficient, with the penumbra transmitting some 75% of the average heat flux with a radial variation of less than 5%.
The radial striations in the penumbra seen by early observers were resolved as alternating bright and dark filaments by the balloon-borne Stratoscope in the late 1950s. Subsequent high-resolution observations, especially at Pic du Midi, showed that the bright filaments consist of several elongated grains which migrate inwards toward the umbra. Some of these bright grains penetrate into the umbra and form the peripheral umbral dots in the umbra (see also SUNSPOT UMBRA: STRUCTURE AND ACTIVITY). Fully resolving the fine structure in the penumbra poses a real challenge for modern high-resolution observing techniques (see figure 1) . The power spectrum of intensity fluctuations is fairly flat down to wavelengths at the current limit of angular resolution (about 0.2 arcsec), implying that there is a considerable amount of smaller fine structure yet to be resolved.
In Hα the penumbra also displays a filamentary structure, but at this higher level in the atmosphere the so-called superpenumbra extends radially much further outward, to distances as much as twice the sunspot's radius in white light. In the corona, as seen in x-rays, filamentary features emanating from the inner penumbra extend much further outward, to distances comparable with the solar radius. The filamentary structure of the penumbra is intimately associated with the structure of the sunspot's magnetic field.
The magnetic field in the penumbra
The mean (azimuthally averaged) magnetic field in a sunspot at the solar surface is vertical at the center of the umbra but flares outward so that the mean field is inclined at about 20 • to the horizontal at the outer edge of the penumbra. The strength of the mean magnetic field decreases monotonically with radial distance from the center of the sunspot, dropping by a factor of 2 or 3 at the outer edge of the penumbra. Typical magnetic field strengths are 3000 G in the center of the umbra and 1000 G near the outer edge of the penumbra.
The detailed geometry of the magnetic field in the penumbra is far more complicated than that of the axisymmetric mean field discussed above, and indeed a clear picture has emerged only in the last decade (see also SUNSPOT MAGNETIC FIELDS) . Formerly it was thought that the penumbra is a rather shallow structure formed by magnetic field lines emerging through the solar surface in the outer umbra and bending over sharply to lie horizontally along the solar surface. In this picture, very little magnetic flux actually emerges through the solar surface within the penumbra. Now, however, we know that the penumbra is a deep structure in which a significant fraction, more than half, of the sunspot's magnetic flux emerges through the surface.
Observations by Beckers and Schröter at Sacramento Peak in the 1960s suggested that, while the magnetic field in the dark filaments is nearly horizontal (relative to the solar surface), the field in the bright filaments is significantly inclined to the horizontal. More recently, high-resolution spectroscopy and precision polarimetry have revealed a 'fluted' or 'corrugated' structure of the penumbral magnetic field, with the inclination of the field varying azimuthally around the sunspot (see figure 2 ). In the outer penumbra, the inclination to the horizontal varies from 0 field strength is somewhat weaker where the field is more nearly horizontal. The radial 'spines' of stronger, more inclined magnetic field account for most of the emerging magnetic flux in the penumbra.
Motions in the penumbra
Observations of persistent motions in the penumbra show systematic inward proper motions (toward the umbra) of the bright elements in the inner penumbra, while in the outer penumbra the dominant motion is the outward Evershed flow occurring mostly in the dark filaments.
The most readily apparent motion in the penumbra is the radial, nearly horizontal outflow of gas responsible for the Evershed effect seen in spectral lines formed in the penumbral photosphere (see SUNSPOTS: EVERSHED EFFECT). The flow is generally concentrated in the dark penumbral filaments, where the magnetic field is more nearly horizontal, and is directed along the magnetic field lines (see figure 2 ). This motion is thought to be a siphon flow driven by a pressure difference between the footpoints of arched magnetic flux tubes. This mechanism has only recently been confirmed by highresolution observations showing the magnetic field lines and flow diving below the solar surface near the outer edge of the penumbra. The siphon flow mechanism is probably also responsible for the reversed, inward Evershed flow of gas seen higher up in the penumbral atmosphere, in chromospheric spectral lines such as Hα.
A sunspot penumbra exhibits a range of interesting wave motions (see SUNSPOT OSCILLATIONS AND SEISMOLOGY). The most conspicuous of these waves are the running penumbral waves seen in Hα. These consist of dark wavefronts in the form of concentric arcs, sometimes extending nearly all the way around the umbra, originating at the umbra-penumbra boundary and propagating radially outward across the penumbra at speeds of 10-20 km s −1 , and repeating with a period in the range 200-300 s. The high propagation speeds, well above the local sound speed, indicate that these penumbral waves are largely magnetic in character. The running penumbral waves may be related to umbral oscillations, but the connection is not really clear.
Compared with the chromospheric umbral oscillations, the running penumbral waves are much less energetic, having velocity amplitude of only some 200 m s −1 at the base of the chromosphere (at the temperature minimum) and 1 km s On longer time scales, on the order of a half hour, there occur slow convective interchange motions of magnetic flux tubes. These motions are responsible for the bright and dark penumbral filaments, the fluted geometry of the penumbral magnetic field, and the vertical heat transport in the penumbra. Magnetic flux tubes that initially lie along the outer surface of the sunspot's sheaf of magnetic field, in contact with the hotter surroundings, are heated, become more buoyant, and rise upward, carrying excess heat and appearing bright. The footpoints of these rising inclined flux tubes, where the tubes emerge at the solar surface, migrate inward producing the inward-moving bright grains. Meanwhile, the rising, heated flux tubes are replaced by descending, cooler flux tubes (in the dark filaments) which, on reaching the outer boundary, are in turn heated. This interchange process repeats itself continually, producing the quasi-steady vertical transport of heat responsible for the penumbra's relative brightness compared to the umbra.
The formation of a penumbra
Magnetic flux in emerging active regions first appears in the form of SUNSPOT PORES, which then may coalesce to form sunspots. A sunspot is distinguished from a pore by having a penumbra. The formation of a penumbra is apparently the result of a sudden transition in the structure of the accumulated magnetic field, from a bundle of nearly vertical field lines to a widely fanning sheaf of field lines with nearly vertical field in the umbra and nearly horizontal field in the penumbra. This transition between a pore and a sunspot, as the amount of accumulated magnetic flux increases, is a complicated nonlinear process involving the onset of overturning magnetoconvection at the outer edge of the pore (see MAGNETOHYDRODYNAMICS: MAGNETOCONVECTION) . Although sunspots are generally larger than pores, there are pores as large as 3.5 Mm in radius and sunspots (with rudimentary penumbrae) as small as 1.8 Mm in radius. Our understanding of this situation is that, if we consider the radius as a function of total magnetic flux, there are two families of stable solutions which overlap at intermediate radii. The transition between the two states occurs when filamentary convection sets in suddenly to form a penumbra at the outer edge of the pore, where the magnetic field becomes more nearly horizontal with increasing total magnetic flux. In the language of nonlinear systems, the pore solution loses stability at a saddle-node bifurcation. 
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